The applications of supported metal catalysts vary widely, from selective hydrogenation in the fine chemicals industry to the control of vehicle emissions. Yet many basic questions about the structure, activity, and durability of these catalysts remain unanswered. For example, there is still much uncertainty about the mechanism of metal particle growth, or sintering, which is a major cause of catalyst deactivation. The factors which control particle surface structure, and thus affect reactivity, are also poorly understood. Progress in these areas would provide a basis for a more rational approach to the design of selective and durable catalysts. This article sets out to review current understanding of the growth and structure of supported metal catalyst particles, and to discuss the extent to which experimental observations can be reconciled with theoretical predictions.
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Introduction
The study of ultrafine metal particles, in the approximate size range 1-100 nm, is important both commercially and from the point of view of fundamental science. The economic importance of ultrafine particles derives largely from their use in supported metal catalysts, which play an essential role in oil refining, in the chemical industry, and in pollution control. In addition to their importance in catalysis, fine metal particles are of wider scientific interest since they represent a still poorly understood area which lies on the borderline between bulk metals and molecular clusters. The primary aim of this article is to review recent studies of the growth and structure of supported metal particles, to point out some common trends which appear to be emerging, and to attempt to reconcile some of the contradictions. The areas where further work is most needed are highlighted. Although most of the work reviewed relates to catalysis, it should be noted that some of the results may be relevant to the newly emerging field of 'cluster assembled materials'.' The review falls into two sections, the first of which is concerned with metal particle growth, or sintering, and the second with metal particle structure. The first section begins with an introduction of theories of sintering, and attempts to explain, from basic principles, how the growth laws for the different sintering mechanisms are derived. The various methods used to study sintering are then outlined, and experimental results reviewed in the light of theoretical predictions. The second section reviews studies of the structure of supported metal particles, concentrating chiefly on those aspects which might have some relevance to catalysis. Thus, the following three areas will be covered: the structure of multiply twinned particles, the effect of adsorption on particle shape, and the structure of the fast growing particles which are often observed in sintering studies.
Metal particle sintering Theoretical treatments of sintering
The growth of supported metal particles can occur in essentially two ways, either by the migration and coalescence of whole particles or by the migration of single metal atoms (or molecular species) from small particles to large ones. This latter mechanism is often termed Ostwald ripening. There have been a number of attempts to develop models of sintering, usually drawing on classic work such as that of Smoluchowskf on coalescence and of Lifshitz and Slyozov" and Wagner 4 on Ostwald ripening. The aim of these models has been to make predictions about the kinetics of sintering and about the form of the particle size distribution. In general the models lead to simple growth laws of the type dn-d~=Kt (1) where d is the mean diameter after time t, do the initial mean diameter, n an integer, and K a temperature dependent constant. (Some authors employ an equivalent expression in terms of total surface area S, which is similar in form to a reaction rate law. In such an expression the order of sintering is n + 1.) In this section the basic theoretical models for the two mechanisms are outlined and their predictions summarised. Wherever parameters such as diffusion coefficient are required in this discussion, the values for platinum are used. The simple derivation given below refers to spherical particles and is based on a treatment of the migration of bubbles in a crystalline solid by Greenwood and Speight."
Consider a particle of diameter d in which the atomic spacing is a, and assume no wetting of the support. The particle diffusion coefficient can be expressed as follows" Dp = (1/6)rp~ (2) where rp is the particle jump frequency and cxp the particle jump distance. The particle jump frequency is simply the product of the atomic jump frequency r s , and the number of atoms on the particle surface, i.e. nd 2 
a Now if a single atom jumps a distance a, this effectively results in the particle jumping a distance given by a/(total number of atoms in the particle) giving
Substituting equations (3) and (4) into equation (2) gives the expression for the particle diffusion coefficient o; =~4 (~rDs ..,....... (5) This indicates the strong dependence of Dp on atomic diameter a and particle diameter d for spherical particles. The expression can be used to calculate values of D p for a range of diameters, and thus to determine average particle migration distances in a given time. Before doing so however, the case of the migration of faceted particles should also be considered, since for such particles the expression for Dp is quite different.
For spherical particles it was assumed that a single 'jump' occurred when a surface atom moved from one surface site to the next. In the case of a perfectly faceted particle, a single jump consists of the transfer of a whole layer of surface atoms from one face to another. This requires the nucleation of a critically sized 'pillbox' of atoms on the leading facet, so that the jump frequency depends on the activation energy for the formation of this pillbox as well as on the surface diffusion coefficient. Following Willertz and Shewmon,? the particle jump frequency can be expressed as 2nd'Ds (nd'e) rp=~exp -kT (6) where d' is the diameter of the critical pillbox and B the edge energy of the pillbox. If it is assumed that the particle jump distance is equal to the atomic spacing a, then equation (2) can be used to obtain the expression for the diffusion coefficient of faceted particles (assuming also that the critical pillbox diameter d' is approximately one half the particle diameter d)
Expressions (5) and (7) can now be used to compute diffusion coefficients for spherical and faceted particles at a given temperature. Here, and throughout the rest of this discussion, the parameters used will be those relating to platinum. The surface diffusion coefficient of platinum Ds, at a temperature T is given by the relation
where D so is a frequency factor and Q the activation energy. These parameters have been determined for bulk platinum using a variety of techniques; it is reasonable to assume that the surface diffusion rates on small particles will not differ greatly from these. Thus Blakely and Mykura," using the multiple scratch method, found that D so = 4 X 10-3 em? S-l and Q = 1·79 X 10-19 l/atom, producing a value for D, at 600°C of 1·4 x 10-9 em? S-l. Diffusion coefficients for spherical and faceted particles at 600°C can now be calculated, and values for a range of particle diameters are given in Table 1 . Also included in the table are the distances the particles would migrate in 2 h determined using the relation: migration distance =' 2(D p t)1/2, where t is time.
The results in Table 1 show the strong dependence of particle mobility on diameter. Thus a spherical particle with diameter 5 mm will migrate a distance of 540 nm in 2 h at 600°C, while a 24 nm particle will migrate a distance smaller than its own diameter in the same time. For faceted particles the dependence on diameter is even more marked, at least for particles larger than 5 nm (for faceted particles below this size the step nucleation equation implies a higher mobility than that obtained for spherical particles, which is clearly illogical; in fact, surface diffusion will be the controlling process for all particles smaller than about 5 nm). On the basis of these migration distances some Step nucleation controlled migration: expression (6) approximate predictions can be made about the likelihood of particle growth by the migration-eoalescence mechanism for a catalyst with a given metal loading and support surface area. Considering a platinum/ alumina catalyst with a loading of 1: 16, a support surface area of 100 m 2 g -\ and an initial mean particle diameter of 5 nm (these parameters refer to the specimens studied experimentally by Harris and. co-~orkers9,10) the average interparticle separation IS '" 45 nm. Therefore at 600°C, spherical particles smaller than t"V 16 nm in diameter and faceted particles smaller that t"V 6 nm are likely to collide and coalesce in a period of 2 h. At 700°C the corresponding diameters are t"V 24 and t"V 8 nm. Particles much larger than these values can be considered virtually immobile, and may only grow by interparticle transport.
The above discussion has shown that simple expressions for the mobility of individual particles can be easily derived. Developing a full theory to describe the kinetics of growth of a population of supported particles presents a much greater challenge. Fortunately, a number of classic treatments of random walk and Brownian type motion have been developed to explain phenomena as diverse as colloid aggregation and stellar dynamics.v!' and these can be used to derive growth laws for the migration-eoalescence process. Ruckenstein and Pulvermacher (RP) have described a theory for the migration and coalescence of supported metal crystallites'r-'" which is based on Smoluchowski 1 J iameters of the particle/substrate interface (approxima~ely the same~s the particle diameter). They also denve an expression for Kij assuming coalescence to be rate controlling, but Wynblatt and Gjostein 14have shown that this is very unlikely to be the case in real situations.
It should be pointed out that expression (9) strictly holds only when L» 1, and this is only true for very small particles with d i < 5 nm (Ref. 14) . However, the discussion of particle diffusivities given above has shown that the migration-eoalescence mechanism is likely to be most important for particles in this size range.
Ruckenstein and Pulvermacher have solved equation (8) numerically to obtain an expression for the rate of change of overall surface area with time. This is equivalent to a growth law with the form of equation (1) 
. . ( 10) where d is the mean diameter after time t, do the initial mean diameter, C a known function of K ij , and n an integer which depends on the expression for particle diffusivity. If the particle diffusivity varies with the inverse of the diameter raised to the power m, then RP find that n = m + 3. It was shown above that for spherical particles Dp varies with the inverse of d", so that the growth law for migration and coalesence of spherical particles can be written as
For faceted particles the relationship between Dp and d, which was given in expression (7), is more complicated and cannot be simply translated into a growth law. However, expression (7) implies a stronger diameter dependence than the expression for spherical particles (this is clear from the values of D p and migration distances given in Table 1 ), so it is reasonable to suppose that a growth law for faceted particles will have a value for n greater than 7. Wynblatt and Gjostein!" also concluded that n will exceed 7 for faceted particles, and suggested that the value of the exponent might actually be expected to increase with time in this case.
Interparticle transport
The growth of supported metal particles by interparticle transport is analogous to the growth of dispersed precipitates in a saturated solution, or to the growth of water droplets under a saturated vapour pressure in an enclosed system. In each case it is found that large particles (or droplets) grow at the expense of smaller ones, simply as a consequence of the fact that solubility (or vapour pressure) varies inversely with particle size. Thus solute atoms escape more easily from small particles than from larger ones, resulting in a net flow of material from the former to the latter. The relationship between the solubility S of a particle and its diameter d is expressed in the Gibbs-Thompson, or Kelvin, equation
( S) 4Qy
In seq = kTd where seq is the solubility of an infinite flat precipitate, Q the atomic volume, y the surface energy, k the Boltzmann constant, and T the temperature. Or equivalently,
This expression is central to the treatment of interparticle transport which will now be given. The Fig. 1a shows schematically the variations in metal monomer concentration which occur across the particle/support interface for a growing particle (considered for simplicity to be hemispherical in shape). The quantity C s denotes the concentration of metal monomers on the support surface, c~the monomer concentration adjacent to the particle, and cp the concentration on the particle surface. For particles larger than a 'critical size', c~is less than c s , so there is a net flux of monomers on to the particle. Conversely, for small particles, c~> C s so there is a net flux on to the support. Figure 1b shows the energy barriers which must be surmounted when monomers pass from particle to support and vice versa. With reference to these diagrams, an expression can be derived for the net flux of metal atoms on to a particle in terms of C s and c p which leads, via the Gibbs-Thompson relation to the particle growth law. where V s is the vibrational frequency of metal adatoms on the support and H srn the migration energy of a monomer on the support. The flux of metal atoms on to the particle is equal to the product of this jump frequency and the number of atoms within a single jump of the particle's periphery, i.e. t'/ndac~p', where a is the atomic diameter and d the particle diameter.
An expression for the net flux Jp from support to particle must also take into account the current of atoms in the opposite direction. Such atoms must overcome an energy barrier Hps + Hsrn (Fig. Ib) , so that the flux will be t'/ tulac.;
where v p is the vibrational frequency of metal adatoms. Jp can therefore be expressed as follows
Jp=ndap'(c~-cpP) (13) where p = (vp/vs) exp( -Hps/kT).
This flux must equal the flux across the support in the region of the particle J s • Wynblatt and Gjostein show that this can be approximated by the expression
where D 1 is the diffusion coefficient for monomer diffusion across the support. Equating equations (13) and (14) yields an expression for c~which can be substituted back into equation (13) Before substituting for J p , c p and c s can also be written in terms of particle diameter using the Gibbs-Thompson formula (equation (12)) In expanded form cp~c~q ( 1 +~~~) . . . . . . . . . (17) where c~q is the concentration of adatoms on the surface of an infinitely large particle and y the surface energy. c s can be defined as the concentration of monomers on the support adjacent to a particle which is neither growing nor shrinking, whose diameter is designated d*. Thus, from Gibbs-Thompson, c,~c:q (1 + k~;*) . . . . . . . . . (18) where c~q is the concentration of monomers on the Harris Supported metal catalyst particles 101 support adjacent to an infinitely large particle (note
Now, combining equations (17) and (18) with equation (15) and substituting into equation (16) gives an expression for the particle growth rate 17 have shown that these quantities can be approximated by the expression 
This expression produces values of Ad which suggest vanishingly slow growth rates at temperatures which would be encountered by a real catalyst. This is a conseq uence of the large energy barrier (530 kJ mol- 1 ) which must be overcome before Pt atoms can jump on to the support. Thus at 700°C, Ad = 9·3 X 10-53 m" s-1, i.e. 3·35 x 10-13 nm" h-1 implying virtually zero particle growth in a reasonable period. One must conclude that interparticle transport of Pt atoms across the support can be dismissed as a realistic mechanism of particle sintering. However, the escape of platinum from particles on to the support can occur much more readily in oxidising environments because of the formation of Pt0 2 , and this can lead to significant growth rates (see below). Interparticle transport of Pt0 2 When heated to sufficiently high temperatures in an oxidising atmosphere, platinum forms a volatile oxide, Pt0 2 (Ref. 19 ). At equilibrium the partial vapour pressure of gaseous Pt02 will be
where Keq is the equilibrium constant of the reaction
The enthalpy change for this reaction is '" 175 kJ mol-\ which is considerably smaller than either the sublimation energy for platinum ( '" 565 kJ mol""), or the energy required to transfer Pt atoms from a particle to the substrate (527 kJ mol " "), Thus in oxidising atmospheres the escape of Pt from a particle in the form of the oxide is much more thermodynamically favourable than the escape of Pt atoms. Interparticle transport may then occur through the vapour phase or by migration of condensed Pt0 2 across the support. The latter process is now considered, again adopting a similar approach to that of Wynblatt and Gjostein.l'v'" There are two separate processes which will lead to a build-up of Pt0 2 on the support. At the particle/support interface it is likely that Pt0 2 molecules will be transferred directly from the particle to the support, and in addition vapour phase Pt0 2 will condense on to the support between the particles. Thus an equilibrium concentration of Pt02 molecules on the surface, denoted by c:,will rapidly form. Since the concentration of Pt0 2 molecules adjacent to particles will vary with diameter according to the Gibbs-Thompson equation, particle ripening will occur in the usual way. Thus the derivation of the growth law is identical with that in the previous section except for the parameters D 1 and c~q + in the expression for the rate constant. c~q was defined as the concentration of Pt atoms on the support adjacent to an infinitely large particle; for Pt0 2 , following WG, c~q + is defined as the concentration of molecules on the support in equilibrium with the equilibrium vapour pressure of an infinitely large particle P". c~q + can be evaluated by equating the rate of condensation of Pt0 2 molecules on to the support (determined simply from the kinetic theory of gases) with the rate of vaporisation in terms of c: q +, the jump frequency, and Hs~, the energy required to transfer an oxide molecule from the support to the vapour phase. The parameter D 1 can also be expressed in terms of the jump frequency, the jump distance, and Hs~(see The value of the equilibrium constant Keq at various temperatures can be evaluated using an expression given by Schafer and Tebbenr'" thus, at 600°C, Keq = 2·0 X 10-10 and at 700 o e, Keq = 2·2 X 10-
•
Values for At , the rate constant for the migration of condensed Pt0 2 across the support, are given in the next section. First the alternative mechanism, i.e. interparticle transport of Pt0 2 through the vapour phase is considered.
As noted above, an equilibrium vapour pressure of Pt0 2 may result when a supported Pt catalyst is heated in oxygen containing atmospheres. Particle ripening can therefore occur by a vapour phase transport mechanism analogous to that already discussed for diffusion across the support, i.e. net evaporation of Pt0 2 from small particles and net condensation on to large particles. In deriving a growth law for this process, the Gibbs-Thompson equation is used in a form which relates the partial pressure of Pt0 2 in equilibrium with a particle of diameter d, P(d), to the equilibrium vapour pressure of an infinitely large particle P". First, however, an expression is required for the net flux J; on to a particle from the vapour phase in terms of P(d).
Assuming the vapour obeys the perfect gas law, the rate of condensation R; on to a unit area of solid surface is given by
where P is the vapour pressure, X the sticking coefficient, and m the molecular mass. For a particle with diameter d the effective rate of condensation will depend on the difference between the vapour pressure at the surface P(d), and the 'farfield' vapour pressure. The latter can be designated P(d*) since it corresponds to the vapour pressure of a particle with the critical diameter d*, i.e. a particle which is neither growing nor shrinking. Thus the rate of condensation for a particle with diameter d is given
To obtain the flux on to the particle, this is multiplied by the exposed surface area (assuming hemispherical particles)
P(d) varies with d according to the Gibbs-Thompson equation
. . . . . (23) where peq = P o2 K e q (see above). An expression for dd/dt, the growth rate of a particle with diameter d, is now obtained using a procedure analogous to that described in the preceding section. Thus equation (23) (and the corresponding expression for P(d*) ) are combined with equation (22) and substituted into equation (16 One final point should be made regarding interparticle transport of Pt0 2 . All the experimental evidence (particularly that gained by high resolution TEM) suggests that Pt particles in sintered catalysts consist almost entirely of the pure metal, with little evidence of any oxide covering. It might seem puzzling that Pt0 2 can be formed at the surface of some metal particles, but decomposes on the surface of others. A similar phenomenon, i.e. the redeposition of platinum from Pt0 2 vapour, is observed during the heating of Pt ribbons and wires in oxidising environmcnts.l'v" and has been explained by assuming that the Pt0 2 molecules decompose as soon as they impinge on the metal surface. However, this is still a poorly understood area.
Summary
Rate laws have now been derived for each of the processes likely to contribute to the growth of supported metal particles under realistic conditions. These laws, equations (11), (21) , and (25) essentially conform to the simple type given in the introduction, i.e. ([n -([~= Kt, and values of nand K for the various possible mechanisms are set out in Table 2 . It is important to note that values of the exponent n are independent of the particular catalyst system under consideration, whereas the rate constant K depends strongly on the metal, the environment, and the support. Thus in Table 2 the values of K refer to the specific case of Pt particles on an alumina support under an atmosphere of air.
A number of points should be made concerning the figures in the table. For the case of migration and coalescence offaceted particles it has not been possible to derive a precise figure for n. However, as noted above, it is reasonable to assume that n for such particles will be higher than the value of 7 which has been derived for spherical particles, owing to the stronger dependence of the particle diffusion Harris Supported metal catalyst particles 103 coefficient on particle size. It is also not possible to give a single value for the rate constant for migrationcoalescence (i.e. C in equation (11)) since this parameter is dependent on the particle size distribution, and this of course will change with time. As far as the rate constants for interparticle transport which have been given in Table 2 are concerned, these should only be regarded as very approximate, since they rely on a number of parameters which are not known with any accuracy.
It is clear that the theoretical modelling of sintering behaviour is a far from simple process. However, the treatments which have been outlined in this section provide a reasonable basis for the interpretation of experimen tal results.
Experimental studies of sintering
The literature contains a very large amount of experimental data on the sintering of supported metal catalysts, obtained using a wide variety of techniques. Much of the early work produced inconsistent results, with different authors disagreeing about the mechanism of sintering likely to be occurring under a given set of conditions. In 1975 Wanke and Flynn 22 presented a comprehensive review of early work in this field and concluded that no mechanistic inferences could be reliably drawn from the published data. Since that time the situation has improved somewhat, and recent sintering data appear to display reasonably consistent trends. In this section studies of the effect of atmosphere on sintering rates are reviewed and studies of sintering kinetics, mainly published since 1980, are discussed. An attempt is made to draw some general conclusions about sintering mechanisms.
Before reviewing these results, a brief summary is given of the advantages and limitations of the various techniques used in sintering studies.
Techniques

Chemisorption
Selective chemisorption using H 2 or CO is a widely used method for determining the metal surface area of supported catalysts, and has been used in numerous studies of metal particle sintering. However, the technique is subject to a number of errors arising from uncertainty about the stoichiometry of adsorption and about the geometry of the metal particles. This was illustrated in a study of chemisorption on supported platinum by Freel'" which showed that stoichiometry can vary with particle size and with the thermal history of the specimen. Chemisorption is also limited in that it gives no information about the distribution of particle sizes, which can be a valuable indicator of the sintering mechanism. However, the technique is easy to use Table 2 Growth law exponent n and rate constant K for platinum particle sintering in air at 600 and 700°C 
Temperature programmed desorption (TPD)
This is a variant of the chemisorption method, which has been used effectively by Beck and Carr'" to study sintering of platinum/alumina catalysts. The method employed by these workers involved exposing a cooled sample of catalyst to deuterium in a vacuum chamber, and then recording a TPD spectrum by heating the sample resistively at a linear rate. Platinum surface area was calculated from the area under the relevant desorption peak.
X-ray diffraction (XRD)
The width of an X-ray diffraction line varies inversely with the size of the diffracting particles, and this can be used to determine particle sizes in supported metal catalysts. Like chemisorption, however, the method has some quite serious limitations. For example, it cannot be used in cases where diffraction lines from the support overlap with those from the metal particles. Also, diffraction from particles smaller than about 4 nm is difficult to detect. Nevertheless, XRD has produced some useful sintering data, and it has been shown 25 ,26 that the technique can be used to provide particle size distributions, and not merely mean particle sizes.
Small angle X-ray scattering (SAXS)
This technique utilises the fact that the intensity of scattered X-rays from a dilute particle array is dependent on the distribution of particle sizes." It has been demonstrated " that size distributions produced by SAXS agree well with those determined by electron microscopy.
Transmission electron microscopy (TEM)
This is undoubtedly the most powerful method for investigating the structure of supported metal catalysts. Whereas the other techniques discussed here rely on some kind of averaged signal, TEM provides direct images of the catalyst's microstructure, enabling accurate particle size distributions to be determined. In addition, of course, TEM provides information about the disposition of the supported particles (for example, whether there is any clustering) and about particle structure. Nevertheless, there are disadvantages to using TEM for sintering studies. Compared with most of the other techniques, TEM requires a high level of skill and is relatively time consuming. Moreover, preparing thin TEM samples which are truly representative of the bulk can be difficult. Several authors have avoided this problem by studying model catalysts which consist of thin planar supports on to which metal particles have been deposited, usually by evaporation. A review of the applications of TEM to catalysts in general has been given by Datye and Smith."
Effect of atmosphere
A number of experimental studies of supported platinum catalysts have established clearly that atmosphere can have a very strong effect on sintering rates. In each case it was found that the presence of oxygen greatly enhanced sintering. One of the earliest of these studies was carried out by Somorjai.l" using SAXS. This showed that the mean particle diameter of a Pt/ Al 2 0 3 catalyst increased from about 10 nm to 32·9 nm when heated in air at 700 a C for 24 h, while a similar heat treatment in hydrogen only produced an increase in mean diameter to 22·4 nm. The effect of oxygen in promoting sintering has been confirmed in various other studies (e.g. Refs. 24,31-33).
These results can be readily understood in terms of the formation of a volatile platinum oxide, Pt0 2 . As discussed in the section 'Interparticle transport of Pt02' above, platinum can escape from particles much more readily in the form of the oxide than in the form of Pt atoms, when catalysts are heated in oxidising atmospheres. Interparticle transport can then occur through the vapour phase, or by diffusion of condensed Pt0 2 across the support. In addition, surface mobility is likely to be enhanced by the presence of oxygen, leading to enhanced sintering by the migration and coalescence mechanism.
There have been very few studies of the effect of atmosphere on the sintering of metals other than platinum. However, it is likely that other platinum metals would also experience enhanced sintering in oxidising atmospheres, since several of these also form volatile oxides.
Sintering kinetics
This section reviews studies of metal particle sintering, published over the past 15 years, which contain sufficient data to enable values of the growth law exponent n to be determined. There are relatively few studies published earlier than this which contain enough reliable data to allow evaluation of the kinetic parameters; details of this earlier work can be found in previous reviews. 14 ,22 Values of the rate constant K are not considered here, since these cannot be predicted with any accuracy, as pointed out in the section 'Summary' above. However, the shapes of particle size distributions, where these are given, are discussed.
A summary of experimental sintering results, with values of the exponent n, taken from six published studies is given in Table 3 . The method used to determine n from experimental data is to plot log(djd o ) versus log t, and take the slope of this line.!" In the first of these studies, Kuo et ai." investigated the sintering of a silica suported nickel catalyst using XRD. Heat treatments were carried out in nitrogen and hydrogen atmospheres at temperatures from 500 to 800 a C for 1-100 h. Fitting the data to the power law gave values of n~10 for the temperatures 500-700 a C, in both atmospheres. With reference to Table 2 , these high values for n would indicate that the predominant mechanism under these conditions involved migration and coalescence of faceted particles. At 800 a C in nitrogen, n was found to have the lower value of 5, while at 800 a C in hydrogen n decreased from 13 to 3 after 10 h. These results suggest that the interparticle transport mechanism becomes increasingly important at higher temperatures; the evidence for a change in mechanism at 800 a e in hydrogen is particularly striking.
Kuo et ale also published particle size distributions (PSDs) of their supported nickel catalysts, determined using profile analysis of their XRD data. For the higher temperature heat treatments, PSDs of the sintered catalysts showed long tails to the high diameter side, indicating that some particles were growing much more rapidly than average. This phenomenon of rapid particle growth has been observed in a number of other studies, and is discussed further below.
Sintering of Ni/Si0 2 using selective hydrogen chemisorption, was studied by Bartholomew and Sorensen.l" who reported broadly similar growth kinetics to those observed by Kuo et ale Thus, at 650°C the data indicated a value of 15 for the exponent while at 700°C, n decreased from 11 to 4 after 35 h. At 750°C the data fitted a power law with 11=6.
Harris and co-workers'v'? studied the sintering of alumina supported platinum catalysts in air using TEM. Figure 2 shows micrographs taken from this work, illustrating particle growth at 600°C. The kinetic data appeared to indicate a change in the growth law exponent from t"V 13 to 6 after 2 h at 600°C, while at 700°C the exponent changed from 4 to t"V 1 (though an exponent of 1 appears to be physically unreasonable, it should be noted that this value was determined from only two data points). These results resemble those from supported nickel catalysts described above, and again indicate a change in the predominant sintering mechanism from migration and coalescence at low temperatures and short times to interparticle transport at higher temperatures and longer times.
Some support for this view can be gained by a detailed analysis of the particle size distributions published by Harris et al. 9 Figure 3 shows PSDs for sintering of Pt/ Al 2 0 3 in air at 600°C. Evidence that migration and coalescence is at least partly responsible for sintering is provided by considering the behaviour of particles smaller than 4 nm in diameter.
Freshly prepared specimens contain a high proportion of particles which fall into the 1-2, 2-3, and 3-4 nm ranges. The relative proportion of such particles decreases when specimens are heated for 0·5 and 2 h, and after 8 h no particles smaller than 4 nm are present. This appears to be inconsistent with the interparticle transport sintering model, which postulates that particles smaller than a variable critical size should shrink, resulting in a permanent non-zero concentration of the smallest particles. The likely explanation, therefore, for the disappearance of particles smaller that about 4 nm is that migration and coalescence occurs very rapidly for such particles. The particle mobilities calculated in the section 'Particle migration and coalesence' above suggest that particles in this size range should indeed migrate very rapidly at 600°C. The other striking feature about the particle size distributions shown in Fig. 3 is the appearance after about 2 h of a tail to the high .diameter side, which extends with increasing time. This indicates that a small proportion of the particles exhibit greatly enhanced growth compared with the majority. A similar phenomenon was observed in nickel catalysts by Kuo et al. (see above), and fast growing particles have also been reported by other workers. 36 ,37 The structure of these particles is discussed in detail in the section 'Fast growing particles' below.
A TEM study of sintering behaviour in Nij Al 2 0 3 model catalysts in hydrogen was described by Kim and Ihm. 35 Once again, high values of n were found at the lower temperatures (9·5 at 600°C and 11 at 700°C), while at 800°C a change in the exponent from t"V 9 to 2 was observed after 10 h. These authors also reported the appearance of large faceted crystallites, similar to those observed by Harris et al., in specimens heated for extended periods at 800°C (see Fig. 4 ).
Finally, Beck and Carr?" used TPD to investigate the aging of Pt/ Al 2 0 3 in oxidising and reducing atmospheres. A notable feature of this study was that data were recorded after very short sintering times, enabling accurate determinations to be made of the power law exponents during the early stages of particle growth. The results showed very sharp changes in the value of n after a sintering period of 1-2 h, as can be seen in the log-log plot in Fig. 5 .
To summarise, this review of experimental sintering data has revealed some very clear trends. In each of the studies cited above, the growth law exponent n was found to decrease with increasing temperature, or with increasing time. Thus, at the lower temperatures, or at shorter times, n was generally found to have a value > 10, while at higher temperatures or longer times much lower values of n were observed. The changes in n were sometimes very marked, as shown particularly in the data of Beck and Carr. As noted above, it seems reasonable to interpret these kinetic data in terms of a shift from the migration and coalescence to the interparticle transport mechanism. Several of the sintering studies also included clear evidence that a small proportion of particles exhibited anomalously rapid growth. The structure of these large crystallites, and the reasons for their rapid growth, are discussed in the section 'Fast growing particles' below.
Metal particle structure
In recent years there have been considerable advances in understanding of the structure of supported metal particles. This has been achieved largely through the use of high resolution electron microscopy, which remains by far the most powerful method for studies of this kind. Although scanning tunnelling microscopy is beginning to be applied to small metal crystallites" it has yet to have a major impact in the field. In this section these recent advances are reviewed, focusing chiefly on three areas: the structure of multiply twinned particles, the effect of adsorption on particle shape, and the structure of the rapidly growing particles which are frequently observed in sintering studies.
Multiply twinned particles
It is well known that ultrafine fcc metal particles can display non-crystallographic forms, i.e. structures which cannot be considered as subdivisions of the bulk metal. These structures possess fivefold symmetry, and fall into two types: the decahedron and the icosahedron, illustrated schematically in Fig. 6 . Particles of this kind were first reported by In0 39 in 1966, in a study of metal particles prepared by vapour ,.. condensation, and since that time have been observed in a wide variety of systems, including real catalysts. Decahedral and icosahedral crystallites are normally considered to be made up of tetrahedral fcc segments joined together in a twinned arrangement, hence the name 'multiply twinned particles' (MTPs). However, there is some uncertainty about their precise structure, since it is not possible to join together regular tetrahedra in such a way as to produce space filling structures: in both cases there remain angular deficits, as shown in Fig. 7 . Yet experimental images frequently show the crystallites to be perfect, with no obvious gaps or defects (see below), particularly in the case of very small particles. Moreover, diffraction patterns of individual decahedra indicate that they possess perfect fivefold symmetry."? The problem of developing a model for the structure of MTPs has attracted the attention of a number of authors.t'::"? Some of these have suggested that the angular gaps are accommodated by elastic strains,39,42,46while others have pointed out that the gaps can be closed by regarding the tetrahedral segments as having an orthorhombic or rhombohedral, rather than an fcc, crystal structure. 41 ,43,44 In the case of the elastic strain models, these predict that strain will increase linearly with particle volume, so that above a certain size the strain would be expected to lead to the generation of defects.
As well as attempting to understand the crystallographic structure of MTPs, theorists have also considered their energetics, in an attempt to understand why these unusual structures form in the first place. Some workers have suggested that MTPs form solely as a result of the growth mechanism, and should therefore be considered as 'kinetic' rather than 'thermodynamic' forms. However, it is now widely accepted that MTPs are more stable than normal fcc structures for very small crystallite sizes and are therefore true equilibrium structures for this size range. A detailed discussion of the theoretical treatments of MTP energetics would be beyond the scope of the present work, but the interested reader is referred to recent reviews by Kirkland et al. 48 and Marks."
Experimental high resolution images of very small MTPs « 5 nm), frequently show them to be apparently perfect in structure." while larger ones generally contain defects. Figure 8a shows a high resolution micrograph of a decahedral silver particle, taken from the work of Marks and Smith,50 which shows evidence of shears and gaps at the twin boundaries, while Fig. 8b shows an icosahedral particle from the same study, in which a stacking fault is present (arrowed) in one of the tetrahedral segments. It is interesting to note that MTPs can grow to very large sizes (several hundred nanometres in diameter), well outside the size range where these structures would be expected to be energetically favoured. Presumably, transformation to fcc structures becomes kinetically forbidden when the particles reach a certain size.
Despite the large amount of theoretical and experimental work which has been carried out on MTPs, it has not been proved that they are of any great importance in catalysis. While MTPs are relatively common in gold and silver samples, the proportion of these structures in more catalytically important metals such as platinum is generally found to be low. Moreover, the surfaces of MTPs would be expected to have a broadly similar structure to those of single crystal particles, though Marks and Howie." have pointed to the possible significance of special surface sites around the twin boundaries.
Effect of adsorption on particle shapes
Investigating the effect of heat treatment and adsorption on the shapes of supported metal particles presents considerable difficulties. These difficulties arise both from the experimental challenge of determining the external shapes of ultrafine particles, and from the problem of knowing whether or not the observed shapes represent the true equilibrium structures. If the particles are growing rapidly their shapes are likely to be dependent on the mechanism of growth, and may be very different from the thermodynamically most stable forms. It is therefore essential to distinguish between kinetic and thermodynamic shapes when interpreting studies of small metal particles. The main purpose of this section is to review the published literature on the effect of adsorption on particle shapes. First, though, a brief discussion is given of the theory of equilibrium crystallite shapes, and of relevant work on 'macroscopic' crystals.
The shape of crystals has been a subject which has attracted the interest of theoreticians since the time of Pierre Curie and Willard Gibbs. Curie was among the first to consider mathematically the effect of surface energy on crystal shape, 52 and showed that the total surface free energy Y of a crystallite bounded by i faces may be written
Y= :LAiYi i
where Yi and Ai are the surface energies and areas of the faces, respectively. The minimisation of the above expression under the constraint of constant volume gives the equilibrium crystal shape. This shape can be determined graphically using the Wulff construetion 53 ,54 as follows. First, the surface energy is plotted in polar coordinates, resulting in a number of inwardly directed cusps corresponding to the low index surfaces. Planes are then drawn tangential to the curve in directions normal to the major crystallographic directions, and the inner envelope of these planes gives the equilibrium shape. Put simply, the construction assumes that the normal distance from a common centre to a given surface facet is proportional to the surface energy of that facet. An example of a Wulff plot for an fcc crystal is shown in Fig. 9a . This plot represents a (110) section through the crystal, and was drawn assuming that the {Ill} planes had the lowest surface energy, followed by the {001} planes. The resulting crystal shape is a cubo-octahedron, as shown in Fig. 9b . Experimental work on the equilibrium crystal shapes of clean metal crystals also dates back many years, but unfortunately much of the early work was not carried out under sufficiently clean conditions and therefore cannot be considered reliable. Recent work, however, has given us a much clearer picture of the anisotropy of surface free energy for metals. A number of important studies were carried out by Heyraud and Metois,55-57 who used scanning electron microscopy (SEM) to study the shapes of clean metal crystals, several micrometres in size, grown on a graphite substrate. In a typical study they examined gold crystals following annealing for 50 h at 1000°C. They. found that t~e crystals evolved into basically sphencal shapes, with only small flat regions in the (111) and (100) directions. Recent work by Lee et al. 58 on clean Pt crystals has produced similar results. Thus the surface energy of clean fcc crystals appears to be highly isotropic, implying a Wulff construction approximating to a sphere. Studies using field electron microscopy and field ion microscopy" have confirmed this view.
It is well established that adsorbates can dramatically alter the anisotropy of surface energy. In general, the effect is to stabilise one or more of the crystal planes, resulting in strong faceting (if the crystal is allowed to equilibrate). This phenomenon has been widely studied using SEM and other techniques. A recent example is the work of Lee et al.,58 who showed that Pt particles developed sharply faceted shapes with large (111), (100), and (110) faces when covered with carbon. There is also a very large literature on the use of LEED, STM, and other techniques to study the adsorbate induced reconstruction of single crystal metals." A survey of this work would be beyond the scope of the present article, though some LEED results are referred to in the discussion which follows.
The .~umber of studies aimed specifically at determining the effect of adsorption on the shapes of ultrafine supported metal particles similar to those used in real catalysts remains relatively small. Those that have been carried out have often produced conflicting results, emphasising the difficulties inherent in this field. Wang and co-workers"! were among the first to describe work of this kind. They studied the shape and orientation of Pt particles in the size range 2-20 nm in diameter, supported on model Si0 2 · and Al 2 0 3 substrates. Heat treatment of these samples in hydrogen at 600°C was found to produce particles with cubic shapes, indicative of (100) faceting, while treatments in nitrogen at the same temperature resulted in rounded particles. Other workers subsequently found similar results.'P However, previous work by Smith et al. 63 (albeit in a study not aimed at determining equilibrium shapes) had shown that heating Al 2 0 3 -supported Pt particles in hydrogen at 600°C produced rounding. Moreover, as pointed out by Datye and Smith," the evidence for (100) faceting after heating in hydrogen 61 ,62 is unusual in that the particles have an epitaxial relationship with the support, which might influence their shape (it is well known that heating supported catalysts in hydrogen can produce metal-support interactions'"), It should also be noted that TEM studies of freshly prepared supported Pt catalysts, following reduction in H 2 , tend to show rounded rather than cubic particles. Overall, the important question of the equil~brium shape of supported particles in hydrogen remams an open one.*
The effect of oxygen on the equilibrium shape of sup~orted metal particles is also of great importance, but IS very difficult to determine in practice. This is partly because many metals of catalytic importance become covered with a thin layer of oxide when exposed to oxygen, and partly because oxidising atmospheres tend to promote rapid particle growth (see the section 'Experimental studies of sintering' above). Datye and co-workers'P-"? have looked at the effect of oxidation on the structure of Rh particles supported on silica, in an attempt to understand how this treatment can enhance catalytic activity. Rhodium is one of the metals which form a surface oxide in the presence of oxygen, but Datye et ale showed that oxidation at 500°C (followed by a mild reduction) also produced a complete transformation of the underlying particle structure. Following the oxidation-reduction cycle the Rh particles changed from single crystals to complex polycrystalline structures with roughened surfaces, explaining the change in catalytic activity. In the case of platinum, heat treatment in oxygen results in rapid sintering, so that the observed shapes are likely to be influenced more by kinetics than thermodynamics. However, it is notable that Pt particles often display slight (111) faceting following heat treatment in oxygen containing atmospheres. This can be seen in Fig. 10 , which shows a lattice image of supported Pt particles in an alumina supported sample which has been heated in air at 700°C for 1 single crystal particle adjacent to a particle containing a single twin. The position of the Pt (111) fringes in the single crystal particle identify it as a truncated octahedron and, though the particle is rounded, it clearly has some flat (111) faces. The twinned particle also has flat faces parallel to the (111) twin boundary. Although the particles shown here do not represent equilibrium shapes, the observation that heating in oxygen appears to favour (111) faces is consistent with studies of macroscopic platinum surfaces. 68 ,69 Strong faceting of small metal particles is observed when they are heated under conditions where sintering is relatively slow in the presence of material which adsorbs strongly to the surface. This was demonstrated in a study of supported platinum catalysts by Harris. ?" who showed that heating the samples in a relatively 'dirty' vacuum resulted in sharp (111) faceting, probably as a result of carbon deposition. Some rather more controlled experiments were carried out to investigate the effect of sulphur adsorption on platinum particle morphology," and here strong faceting was also observed. Heating the model catalyst specimens at 500°C in a mixture of 100 ppm hydrogen sulphide in hydrogen resulted in a transformation from rounded to approximately cubic shapes, indicative of (100) faceting, as shown in Fig. 11 . The structure of the c(2 x 2) sulphur monolayer on a (100) faceted particle is illustrated in Fig. 12 . Subsequent work allowed this adsorbed layer to be imaged directly.?"?" Recently, (100) faceting of Pd particles has also been observed." Once again, the observation that sulphur adsorption induces (100) faceting is consistent with studies of single crystal metal surfaces.76, 77
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Overlay -{> 12 c(2 x 2) sulphur overlayer on (001)-faceted Pt particle Studies of the type described in this section are clearly of importance for catalysis. Since many reactions are known to be structure sensitive, a better understanding of the factors which determine particle shape might lead to a more rational basis for catalyst design. More specifically, adsorbate induced faceting could .be important in catalyst promotion, where very small amounts of additive can produce major changes in selectivity. There is undoubtedly great scope for further work in this area.
Fast growing particles
As mentioned in the discussion of sintering kinetics above, supported metal catalysts which have been subjected to relatively severe heat treatments are often found to contain anomalously fast growing particles. It should be noted that this abnormal growth occurs in catalysts which have been exposed to aging in real vehicle exhausts, and is not merely a laboratory phenomenon." The growth of these particles constitutes a major cause of surface area loss, and an understanding of the process is therefore desirable. In this section the structure of these crystallites is described, and possible reasons for their rapid growth outlined.
Abnormally large particles were first observed in a sintered catalyst by Wynblatt 79 in 1976. In a TEM study of Ptj Al 2 0 3 model catalysts, he reported that specimens heated in 0·2 atm oxygen at 800°C contained very large hexagonal Pt platelets which had clearly experienced greatly accelerated growth compared with the majority of the population. Subsequently, Wynblatt, Tien, and their colleagues carried out a series of studies of the large particles in both model and real catalysts.
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Harris and co-workers 9 ,10,83 also observed fast growing particles, the most common structure of which was the triangular plate, in studies of sintering of Pt/ Al2 03 catalysts. Figure 13 shows a micrograph by Harris illustrating some very large platelike particles in a Pt/Al2 0 3 specimen heated at 800°C in air for 6 h. Both groups used electron diffraction to investigate the structure of the platelike particles and found that they invariably exhibited [111] patterns with extra spots .of the type 1/3{422}, as shown in Fig. 14 . This indicates that the crystallites contain twin boundaries parallel to their faces, and tilting experiments enabled these twins to be imaged directly. Tien and co-workers'i'v" discussed the ways in which the twin boundaries could lead to the abnormal growth, but did not come to any definite conclusion. Subsequent work by Harris!" suggested that the most likely growth mechanism is the twin plane re-entrant edge mechanism. This growth mechanism has been observed in a wide variety of fcc metals, including Au particles grown from solution 48 ,84,85 and Ag particles grown by evaporation'" as well as a variety of other materials including crystalline C 60 (Ref. 87) . The mechanism was first described by Wagner,88 who showed that the presence of two parallel twins in a cubic crystal produces a system of surface grooves which provide preferential nucleation sites for incoming atoms. Thus accelerated growth occurs in directions parallel to the twins, while the large (111) faces grow relatively slowly. The grooves form as a result of {l l l} faceting at the crystal's edge, driven by the reduction of surface energy. Figure 15 shows a schematic. cross-section of a platelet according to Wagner's model. The surface grooves can be observed directly by tilting the particles to an edge-on position.'? Triangular and hexagonal plates are not the only type of rapidly growing particle observed in sintered platinum catalysts. Rod shaped particles, and crystallites with an approximately tetrahedral shape'? are also seen, among other less easily classifiable structures. All of these fast growing particles appear to be twinned, and the twin boundaries are frequently associated with re-entrant surface features, which would explain their rapid growth. the rodlike particles presents something of a puzzle. It is possible that they might be extended versions of the decahedra which were discussed in the section 'Multiply twinned particles' above. In this connection it is interesting to recall that vapour grown fcc metal whiskers with fivefold rotational symmetry were observed many years ago using field emission microscopy."
Having shown that certain configurations of twin boundaries can lead to abnormally rapid growth, the question arises as to the origin of the twins themselves. One possibility is that, at least in some cases, the twins arise as a result of particle coalescence during the early stages of sintering. It is quite well established that crystallite coalescence can lead to the formation of twin boundaries, and there have been a number of experimental studies of the phenomenon. For example, detailed TEM studies of Au particles supported in a silica matrix by McGinn et al. 90 ,91 showed that coalescence can produce a variety of twinned structures, including those which would be expected to exhibit abnormal growth. These workers also proposed a model for twin formation, based on an earlier treatment of annealing twin formation by Gleiter,92 which satisfactorily explains the formation of these structures. Briefly, the model assumes that the coalescence of two single crystal particles will produce a particle comprising two randomly oriented grains separated by a boundary, and that the migration of the boundary out of the particle will result in i~- 15 Cross-section through platelike particle containing two parallel twin boundaries, showing re-entrant edge structure 16 Schematic illustration of sintering mechanism for Pt particles in air twin formation. The process of twin formation has also been studied using high resolution electron microscopy.'" The conclusions of this section, combined with the discussion of the section 'Experimental studies of sintering' above, can be summarised in the schematic diagram shown in Fig. 16 . It is assumed that the catalyst initially consists of a distribution of small single crystal particles with high mobility, so that coalescence will be relatively likely (Fig. 16a) . Migration and coalescence leads to larger particles with lower mobility, and in some cases coalescence will lead to twinning (Fig. 16b) . At longer times the interparticle transport mechanism becomes more important, and particles with certain twin configurations then experience accelerated growth, leading to large triangular plates and other structures (Fig. 16c) .
Conclusions
For many years, there was little real progress in understanding the growth and structure of supported metal particles, despite the relatively large amount of effort devoted to the topic. As this review has shown, notable advances have been made over the past ten years or so, and there is now a much more solid foundation on which further work can be built.
The level of agreement between the various sintering studies reviewed here is particularly encouraging. In each case, an analysis of the kinetic parameters showed that the growth law exponent n decreased with time or with increasing temperature, and that the change in 11 was frequently very sharp. This was interpreted as indicating a shift from the migration and coalescence mechanism to the interparticle transport mechanism, and an analysis of particle size distributions from sintered catalysts confirmed this view. However, it should be noted that the values of the growth law exponent n observed experimentally during the early stages of sintering (frequently > 10) were higher than the value of 7 predicted by the theory of the migration and coalescence of spherical particles. It was suggested that this might be because the particles were faceted, leading to a stronger dependence of the particle diffusion coefficient on diameter and therefore a higher value of n. In order to confirm this, it would be necessary to develop a full theory of the migration and coalescence of faceted particles.
Since there is now a reasonable understanding of metal particle sintering behaviour under a variety of conditions, the question arises of whether there are any ways in which sintering can be minimised. Certainly, there is empirical evidence that the addition of small amounts of various elements can stabilise the active phase in supported metal catalysts (e.g. Ref. 94 ), but it is unclear exactly how such stabilisers work. One possibility is that they increase the metal-support interaction in a way that reduces particle migration. The effect of the nature of the support on sintering rates is definitely an area where further work is needed. Recent work by Coloma et al. 95 on carbon supported Pt catalysts has shown that the metal particles. are apparently more firmly anchored to carbon supports which have been pretreated at high temperatures, but there have been few such studies using other supports. Another very important factor in controlling the rate of sintering is clearly the atmosphere: in general, sintering occurs much more rapidly in oxidising atmospheres than in neutral or reducing environments, as a result of the formation of volatile oxides. While it may not be possible to alter the composition of the reactant mixture in order to avoid catalyst deactivation, the pro blem of oxygen promoted sintering. might be reduced by alloying the active metal particles with elements less susceptible to oxidation. Alloy (or bimetallic) catalysts are of course already commonly employed in a variety of processes, but the motivation for using them has generally been to improve selectivity rather than to enhance stability. Alloying might also reduce the problem of 'abnormally rapid growth', which can clearly lead to a serious loss of surface area. It has been established that this phenomenon arises from the presence of twin boundaries in the metal particles, and might therefore be reduced by alloying the particles with metals which would increase the twin boundary energy.
The effect of adsorption on metal particle shape and surface structure is still rather poorly understood. For example, there is no general agreement on the equilibrium shape of Pt particles following heat treatment in hydrogen: more work in this area is definitely required. It would also be of great interest to investigate the effect of alkali metal adsorption on particle shape. It is well established from surface science studies that small surface concentrations of alkali metals can induce radical restructuring of single crystal metal surfaces/''' and this may well explain, at least in part, the way in which alkali metals can act as catalyst promoters. Preliminary studies have suggested that small particles can also experience restructuring when exposed to alkali metals, but again there is a need for further work.
Catalyst design has always been essentially empirical in nature, and has frequently been described as a 'black art'. It is to be hoped that work of the kind described in this review may help to provide a much more scientific basis for the design of stable and selective supported metal catalysts.
